High flux cold Rubidium atomic beam for strongly coupled Cavity QED by Roy, Basudev & Scholten, Michael
High-flux Cold Rubidium Atomic Beam for Strongly-coupled Cavity QED
Basudev Roy∗
Indian Institute of Science Education and Research, Kolkata, India and
Joint Quantum Institute, Department of Physics, University of Maryland,
College Park and National Institute of Standards and Technology, MD, USA
Michael Scholten
Joint Quantum Institute, Department of Physics, University of Maryland,
College Park and National Institute of Standards and Technology, MD, USA
(Received 6 April 2007)
This paper presents a setup capable of producing a high-flux continuous beam of cold rubidium
atoms for cavity quantum electrodynamics experiments in the region of strong coupling. A 2D+
magneto-optical trap (MOT), loaded with rubidium getters in a dry-film-coated vapor cell, fed a
secondary moving-molasses MOT (MM-MOT) at a rate greater than 2 × 1010 atoms/s. The MM-
MOT provided a continuous beam with a tunable velocity.This beam was then directed through
the waist of a cavity with a length of 280 µm, resulting in a vacuum Rabi splitting of more than ±
10 MHz. The presence of a sufficient number of atoms in the cavity mode also enabled splitting in
the polarization perpendicular to the input. The cavity was in the strong coupling region, with an
atom-photon dipole coupling coefficient g of 7 MHz, a cavity mode decay rate κ of 3 MHz, and a
spontaneous emission decay rate γ of 6 MHz.
PACS numbers: 37.30.+i, 32.80.Pj, 39.90.+d
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I. INTRODUCTION
Any experiment requiring long interaction times be-
tween individual atoms and photons benefits from using
slow atoms. This increases the probability of an interac-
tion and enhances the effects being studied. One of the
ways in which this interaction is practically implemented
is in cavity quantum electrodynamics (cQED) where the
photon bounces many times between the mirrors before
escaping. Thus, the cavities provide a greater probability
for the atom to interact with the photon. These systems
are very useful in quantum information science, produc-
ing an entanglement between the incident photon and
the atom present in the mode [1–4]. These also enable
study of quantum optics effects which are difficult to ob-
serve in free space [5–7]. Many realizations of cQED use
slow-moving atoms [8, 9].
One of the configurations for realizing interactions be-
tween a cavity and cold atoms is by dropping atoms
cooled in a magneto-optical trap (MOT) into the cav-
ity. This can be called the pulsed mode. In this mode,
the MOT requires at least 1 second to capture suffi-
cient atoms. These atoms last for only about a millisec-
ond upon being dropped before they escape the cavity.
Hence, the duty cycle for this process is very low. A
continuous beam, on the other hand, can keep a steady
atom-number at all times and provide a steady state for
studying true quantum fluctuation effects in cQED [10],
not to mention faster data taking.
The ensemble trapped in a MOT has a typical diameter
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of 1 mm. A typical cavity has a spacing between mirrors
of the order of 200 µm. When the mode of the cavity has
a waist (radius) of 30 µm, the interaction area available
to the dropped atoms is of the order of 0.2 mm × 0.06
mm = 0.012 mm2. Because the transverse cross-sectional
area of the MOT is of the order of 1 mm2, geometrical
considerations alone reduce the efficiency of the setup to
0.01. Moreover, an atom moving at a speed of 5 m/s
lasts for 10 µs inside a cavity with a 30-µm waist. Thus,
if the motion of the atoms alone is to be accounted and
one effective atom is to be attained in the continuous
mode, about 105 atoms are required every second. The
eventual efficiency drops to 0.01 × 10−5 = 10−7. There
are further losses that lower the efficiency even more.
According to Carmichael and Sanders [11], for every 10
atoms of the atomic beam inside a cavity, there is only 1
effective atom. This happens because the atoms do not
pass through the antinode of the cavity mode but are
distributed over the entire standing wave. In addition to
the distribution effect, the slow-moving atom beam also
spreads in the transverse direction. Thus, accounting for
the loss of another three orders of magnitude, the source
needs to provide 1010 atoms/s to attain 1 effective atom.
A static MOT with a push beam can only provide
108 atoms/s [12] and is incapable of being used as the
source of cold atoms for strongly coupled cQED. Focus-
ing techniques [13] can narrow the transverse spread of
the atomic beam, but result in the loss of 1 to 2 orders
of magnitude in the number of atoms during the process.
Thus, those cannot be used to supply atoms in the con-
tinuous mode. A 2D+ MOT [14] or a low-velocity intense
source (LVIS) [15] have been proven to supply atoms at
1010 atoms/s and to generate a beam with a typical veloc-
ity of 15 m/s. If this velocity can be reduced to 2-3 m/s,
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1FIG. 1: Transfer of atoms from the MOT to the cavity.
Atoms are released from a source of 1 mm diameter and
have to pass through a cavity with a 200-µm opening
and 30-µm waist. The geometry of the problem lowers
the efficiency of the process to 10−2.
the number of atoms in the cavity mode at all times can
be significantly improved. Here, it may be reported that
a cold continuous beam generated from an LVIS with sec-
ondary two-dimensional molasses has recently been used
by Cimmarusti et al. [16]. However, this two-dimensional
molasses helps in improving the number of atoms present
in the cavity at all times by only a factor of 2.
This paper presents a setup that generates a beam
of cold rubidium atoms, recaptures and directs them
through a strong coupling cavity with a speed of about
3 m/s. The paper is structured as follows: Section II
gives a brief theoretical review. Section III mentions the
experimental apparatus. Section IV describes the results
of the experiment. Section V mentions the conclusions
and discusses implications.
II. THEORETICAL REVIEW
2.1 Moving Molasses MOT Theory
The MOT uses a combination of a quadrupole mag-
netic field gradient and three pairs of opposing beams
detuned from resonance to cool and simultaneously trap
neutral atoms. The basic theory is mentioned in any
standard textbook [17, 18].
When the trapping is performed in a moving frame,
the atoms move with the velocity with which this frame
is moving with respect to the laboratory frame. Such
a configuration is implemented by two of the trapping
beams giving detuning (∆ - δ), another pair giving de-
tuning (∆ + δ) and the third set giving ∆, as shown in
Fig. 2. Here, ∆ = ω − ωa, ωa is the resonance frequency,
and δ is the extra detuning. Such a configuration is called
a moving molasses MOT (MM-MOT) [19].
In a MM-MOT, the velocity of the atoms is given by
2δ = k · v, (1)
where k is the wave vector of the cooling laser beam and
v is the average velocity vector of the atoms. In the
specific configuration of Fig. 2, Eq. (1) becomes
λδ/cos(pi/4) = v. (2)
FIG. 2: Beam detuning for a moving molasses MOT
Here, v is the magnitude of the velocity vector v.
2.2 Cavity Theory
The cavity is a set of two mirrors which forms a
Fabry-Perot interferometer between them. Every photon
bounces many times between the mirrors before escap-
ing. It builds up a mode where the electric field becomes
sufficiently high to couple with the dipole moments of
individual atoms. The coupling is given as
g = d ·Ev/~, (3)
where the field of a photon in a cavity with mode-
volume Veff is Ev =
√
~c
20Veff
and d is the dipole moment
vector of the atom. The loss rates of the system are κ and
γ, and correspond to the light escaping through the mir-
rors and emitted via spontaneous emission, respectively.
In the steady state, when N maximally-coupled atoms
interact with the mode of the cavity, the relation between
the normalized field inside the cavity y1 and the normal-
ized input x1 with the probe frequency ω is given by [20]
y1 = x1[(1+
2C
(1 + ∆1
2 + x21)
)+i(Θ− 2C∆1
1 + ∆1
2 + x21
)], (4)
where ∆1 =
ω−ωa
γ/2 , Θ =
ω−ωc
κ , ωc being the cavity
resonance and ωa the atomic resonance frequency. C is
cooperativity given by g
2
κγN .
In the presence of atoms inside the cavity, the levels
of the system split (called vacuum Rabi splitting). The
difference between the new split levels for the 1st excited
state of the system is given by
ωV R = 2
√
(g2N − (κ− (γ/2))2/4). (5)
2FIG. 3: Experimental apparatus: The 2D+ MOT is
generated in a glass cell with one of the retroreflecting
mirrors made from copper. The transverse MOT beams
are elliptical, with a major axis of 3 cm and a minor
axis of 1 cm. The axial beam is 1 cm in diameter with a
hole diameter of 1 mm to match the size of the hole in
the copper mirror. Atoms are guided through that hole
by using an extra push beam. The MM-MOT has
round-shaped beams 1 cm in diameter and sitting in a
two-dimensional quadrupole magnetic field generated by
bars with spacing of 1 cm. Atoms have to travel 2 cm
from the end of the MM-MOT to the cavity. This
distance was the closest attainable without getting the
MOT beams clipped by the cavity mirrors.
III. EXPERIMENTAL APPARATUS
Figure 3 shows the experimental apparatus. It has
mainly three parts, namely, the source, the MM-MOT
and the cavity. The source of the atomic beam is a 2D+
MOT. This configuration has a hole in one of the six
MOT beams through which atoms are guided. It is im-
plemented by making a hole in the mirror retro-reflecting
one of the beams [14, 21]. The trapping beams along the
X and the Y directions are elliptical with a length of 3
cm in the Z direction, but 1 cm in the X or the Y direc-
tion. The beam in the Z direction has a diameter of 1
cm with a hole of 1 mm. This is implemented by putting
a mask of 1 mm to match the size of the hole in the cop-
per mirror that reflects the Z-direction beam. An extra
push beam is put through the hole to direct the atoms,
as shown in Fig. 3. This configuration of the 2D+ MOT
is different from an LVIS because it employs an indepen-
dent push beam but does not have a quarter-wave plate
on the mirror in the Z direction. The MOT beams are
obtained from a 780-nm diode laser (Toptica DLX110)
having 500 mW with a line-width less than 1 MHz. The
780-nm laser light is locked to a 212-MHz transition be-
low the target transition of 5S1/2F = 2 to 5P3/2F
′=3 in
87Rb and is up-shifted using accousto optic modulators
(AOM’s) (Intraction, set at 97 MHz) in the double-pass
mode to get a detuning of about 3 γ. The repumping
laser addresses 5S1/2F = 1 to 5P3/2 F
′=2. The magnetic
field gradient is about 12 Gauss/cm in the X and the Y
directions. The rubidium is obtained from a dispenser
wire placed inside the vacuum which releases atomic va-
por as a current is passed through it. The intensity of
each MOT beam is about 5 mW/cm2. The walls of the
glass cell used to generate the 2D+ MOT are coated with
a dry film layer that allow rubidium atoms to be thermal-
ized on the surface and be reflected back into the MOT
region. A silane-based mixture of dimethyldicholorosi-
lane and methyltrichlorosilane, called SC-77, and an af-
terwash of methyltrimethoxysilane were used to generate
the coating [22]. This helped in capturing more atoms
for the beam at a lower rubidium vapor pressure.
The MM-MOT acts as a secondary MOT and recap-
tures the atoms in the beam. The individual frequencies
required for the molasses trapping beams are also ob-
tained from the 780 nm diode laser after being up-shifted
using AOM’s. Each of the beams in the MM-MOT are
of 1-cm diameter. There is a two-dimensional magnetic
field gradient of 14 Gauss/cm in the transverse directions
of the MM-MOT, enabling the attainment of a cylindri-
cal trap with a length of 1 cm and a diameter 1 mm when
the detuning δ is made 0. When δ is made non-zero, this
redirects the atoms towards the cavity at the velocity of
the moving frame. The typical detuning ∆ is 2 γ, with
the extra detuning δ being varied from 2 to 5 MHz to
generate velocities of 2 to 5 m/s.
The velocity of the atoms in the 2D+ MOT beam is
typically 15 m/s.The flux of this MOT is inferred from
the capture rate of the MM-MOT, with the detuning δ
being made zero to trap in static frame. It has a typi-
cal value greater than 1010 atoms/s as can be seen from
the initial loading rate of Fig. 4 showing the fluorescence
of the MM-MOT. The initial loading rate can be called
the flux of the 2D+ MOT upon making the assumption
that in the steady state operation of directing atoms into
the cavity, the atoms are quickly released from the mov-
ing molasses after being recaptured. The MM-MOT uses
a two-dimensional magnetic field gradient, thereby trap-
ping in only those directions. For this reason, the MM-
MOT requires four seconds to load, as seen in the Fig.
4.
The main cavity has two mirrors of 4-ppm transmis-
sion and a radius of curvature of 5 cm. The finesse of
this cavity is 300000, the separation between mirrors is
280 µm and the saturation intensity is 1/8 photons. The
probe is obtained from the 780-nm diode laser by using
an electro-optic modulator (EOM) and selecting the up-
per sideband. (The laser is locked to a transition 212
3FIG. 4: Fluorescence from the MM-MOT after turning
the 2D+ atomic beam on when the detuning δ is made
0; the initial loading rate gives the flux of the 2D+ beam
MHz below the targetted transition. Hence, the upper
sideband has to be used.) The intensity of light coming
out of the cavity when there are no atoms present in-
side the mode (for 1/8 photons) is about 1 pW. Another
cavity acts as an ultrastable reference for locking and is
made up of a 50-cm mirror and a 5-cm mirror. It has
a low finesse of about 15000 and a free spectral range
of 3 GHz. This is made of Zerodur and has a very low
coefficient of linear expansion with temperature.
We have used another diode laser at 820 nm for lock-
ing the cavity (EOSI, giving about a 10-mW power and
1-MHz line-width). This 820-nm laser is first modulated
using an EOM at 14 MHz and obtained FM sidebands.
Part of this light is split and routed into the main cavity.
The 820-nm light reflected from the cavity is then iso-
lated and made incident on a fast photo-diode where it
generates an error signal. The second part of the 820-nm
light is passed through an FM fiber modulator (EOSpace,
Vpi voltage about 2.5 V) and modulated between 0 and
1.5 GHz (half the free spectral range of the ultrastable
cavity) to generate sidebands. This light is routed into
the ultrastable reference cavity, and the reflection is uti-
lized for generating the error signal. The sideband gen-
erated by the fiber modulator is locked to the ultrastable
cavity, and the sideband frequency is changed to make
the central peak of the 820-nm light copropagate with
the 780-nm probe beam through the main cavity. The
locking scheme is depicted in Fig. 5.
The presence of the 2-D quadrupole magnetic field for
the moving molasses MOT in the region of the cavity
mode makes tracking the magnetic field axis difficult.
The solution adopted is to add a bias magnetic field along
the direction of the moving molasses so that it does not
change the alignment towards the cavity and yet provides
a strong enough bias.
IV. RESULTS
When the 2D+ MOT source is used to feed the MM-
MOT, a beam of atoms directed towards the cavity is
FIG. 5: Schematic diagram of the experiment along
with the locking setup. The atoms are passed through
the ”physics cavity” while the ultrastable cavity is used
for locking. An EOM is used to generate FM sidebands
on the 820-nm laser light, which is then split, with one
part being sent to the physics cavity. The other part of
the 820-nm light is sent to an FM fiber modulator to
generate sidebands tunable between 0 and 1.5 GHz
which is then sent to the ultrastable cavity. The 820-nm
laser is locked to this fiber modulator sideband at the
ultrastable cavity, and the physics cavity is locked to
the central peak of 820 nm. The fiber modulator
sideband is then adjusted to allow the 780-nm light to
pass through.
obtained. In order to obtain the velocity of atoms coming
out of the MM-MOT, we transferred the atoms from the
lab frame to the moving frame suddenly by changing the
detuning δ from zero to a finite value. This can be called
the pulsed mode, as shown in Fig. 6. When δ is zero, the
MM-MOT captures and traps the maximum number of
atoms. Thus, the initial pulse of the mode has many more
atoms as manifested by a dip in absorption as it goes
through the cavity. The arrival time of the minimum of
the dip provides information about the average velocity of
the atoms. The typical distance from the end of the MM-
MOT to the cavity is about 2 cm. This distance was the
smallest attainable due to geometrical constraints of the
system. The best signal, as seen in Fig. 6, is for a velocity
of 3.2 m/s when in addition to the depth of the absorption
dip, the width also becomes maximum. The atomic beam
coming of the MM-MOT also drops under gravity. As the
velocity of the atoms is reduced below 3 m/s, the effect
of the drop becomes more prominent, resulting in fewer
atoms arriving at the cavity mode. This results in less
4absorption, as seen in Fig. 6.
FIG. 6: The detuning of the MM-MOT is changed
suddenly from zero to a non-zero value to transfer the
atoms from a static to a moving frame. This produces a
pulse of atoms that is followed by the continuous beam.
The time taken by the pulse to reach the cavity from
the end of the MM-MOT (a distance of 2 cm) gives
information about the velocity of the moving frame. For
observation of the absorption in the pulsed mode, the
dispenser current was reduced and kept constant at
that value. The velocities mentioned are the calculated
MM-MOT velocities.
The pulsed mode absorption signal is used to align
the MM-MOT by moving the trapping beams to attain
the largest dip. Once optimized, the dispenser current is
gradually increased, and the molasses detuning is set to
a constant value to get continuous beam. A linearly po-
larized probe laser beam is directed into the main cavity.
The transmission of the probe in the same polarization
as the input (called the driven mode), and the response
in the orthogonal polarization is recorded (called the un-
driven mode), as seen in Fig. 7.
FIG. 7: Atom beam directed into the cavity. The probe
is addressed to the F=2 to F=3 levels in the D2
manifold of 87Rb. The driven mode is the response of
the system to the input polarization and the undriven
mode perpendicular to it.
In the experiment, a magnetic field bias is added in
the direction of the atomic beam so that it does not
affect the MM-MOT operation while enabling a well-
defined magnetic field direction inside the cavity. The
cavity detuning Θ is made zero by scanning the cavity
lock frequency together with the probe laser frequency.
Detection is performed using an avalanche photo diodes
(APD). Equation (4) describes such a system when de-
tection is performed in the driven mode. The values of
the coupling coefficient g (for linearly polarized light), the
cavity decay rate κ and the dipole spontaneous emission
line width γ are 7 MHz, 3 MHz and 6 MHz, respectively.
The single-atom cooperativity is given as C = g
2
κ(γ/2) =
5.4. As the dispenser current is increased, two Rabi side-
bands appear gradually as shown in Fig. 8.
FIG. 8: Response of the system in the same polarization
as the input (the driven mode). As expected from
Vacuum Rabi splitting, the peak of the atom-cavity
system splits into two as the number of atoms is
increased upon increasing the flux of the atomic beam.
The values mentioned are fluxes in atoms/s.
The vacuum Rabi splitting forN atoms, as given in Eq.
(5), is ωV R = 2 g
√
N because κ = γ/2. The maximum
splitting between the sidebands obtained experimentally,
as shown in Fig. 8, is 2 × 13 MHz. Thus, the number of
effective atoms that contribute to the effect is N = 3.4.
Figure 9 shows the light in the undriven mode. The
signal increases from zero and, with an increasing atom
number, rises to about 0.025 of the peak of the empty-
cavity driven mode before splitting into two. The light
in the undriven mode is believed to be caused when the
atoms get excited by linearly polarized light but emit
circularly polarized photons while decaying to a differ-
ent m-sublevel of the ground state, as mentioned in Ref.
[23]. The splitting in the undriven mode is the first such
observation of the effect. Terraciano et al. [15] reported
light in the undriven mode, but were unable to gener-
ate the high atom numbers required to see the splitting.
The amount of fluorescence reported in that paper is also
lower than that reported in the present work. The pres-
ence of a strong-coupling cavity may have influenced the
high fraction of light in the undriven mode by collect-
5FIG. 9: Response of the atom-cavity system for
polarization orthogonal to the input (the undriven
mode). The intensity is normalized to the height of the
peak in the driven mode with no atoms in the cavity.
The peak of the atom-cavity system in the undriven
mode also splits into two as the number of atoms is
increased. The values mentioned are the rubidium
fluxes in atoms/s.
ing it and generating a mode for the atom to interact,
thereby enhancing the effect [23].
V. CONCLUSIONS
We have shown an apparatus to generate a high-flux
continuous beam of atoms and to direct them into a
strong-coupling cavity. The beam was strong enough to
provide more than three effective atoms inside the cav-
ity at all times. The setup could be improved further by
directing the atom beam vertically upwards so that the
velocity of the atoms going through the cavity would be
reduced even further. This would allow more time for the
atoms to interact with the mode. However, it would also
make the cavity mounting scheme more complicated.
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